Introduction {#s1}
============

The nuclear receptor VDR belongs to a transcription factor superfamily, members of which have the unique property to be directly activated by small lipophilic compounds [@pone.0096105-Perissi1]. Accordingly, the specific high-affinity ligand of VDR is the biologically most active vitamin D compound, 1,25(OH)~2~D~3~ [@pone.0096105-Carlberg1]. The physiological impact of 1,25(OH)~2~D~3~ is not restricted to its well-known role in the homeostasis of calcium and phosphate being important for bone mineralization [@pone.0096105-DeLuca1], but the nuclear hormone also has cell growth and immuno-modulatory functions [@pone.0096105-Ingraham1], [@pone.0096105-Verstuyf1]. For example, in monocytes 1,25(OH)~2~D~3~ reduces the up-regulation of cytokines, such as tumor necrosis factor α and interleukins 1 and 6 [@pone.0096105-Giulietti1], [@pone.0096105-Prehn1], i.e. VDR ligands can counteract pro-inflammatory signal transduction pathways, such as that of the transcription factor NF-κB [@pone.0096105-Yu1]. Moreover, 1,25(OH)~2~D~3~ stimulation enhances the capacity of the immune system for anti-bacterial defense and to be more tolerogenic towards autoimmune phenomena [@pone.0096105-Verstuyf1]. Cells of the hematopoietic system, such as monocytes and macrophages, are important targets of 1,25(OH)~2~D~3~ [@pone.0096105-Hewison1], in which, for example, the expression of anti-bacterial proteins, such as cathelicidin antimicrobial peptide (CAMP), is promoted [@pone.0096105-Gombart1].

The current understanding of 1,25(OH)~2~D~3~ signaling suggests that genomic VDR binding sites and transcription start sites (TSSs) of the receptor\'s primary target genes need to share the same chromosomal domain [@pone.0096105-Carlberg2]. In order to gain access to genomic DNA VDR has to compete with the intrinsic repressive nature of chromatin [@pone.0096105-Carlberg3], [@pone.0096105-Eberharter1]. *In vitro* studies have indicated that VDR preferentially binds to DR3-type sequences, which are preferentially bound by heterodimers of VDR with retinoid X receptor (RXR) [@pone.0096105-Umesono1], [@pone.0096105-Carlberg4]. Non-liganded VDR can bind genomic DNA but then forms complexes with co-repressor proteins and histone deacetylases [@pone.0096105-Polly1], [@pone.0096105-Malinen1]. In contrast, ligand-activated VDR changes its protein interaction profile to co-activator proteins and histone acetyltransferases [@pone.0096105-Gronemeyer1]. Via mediator proteins ligand-activated VDR then contacts the basal transcriptional machinery, which is assembled on the TSS region, leading to transcriptional activation [@pone.0096105-Carlberg3].

At present, VDR ChIP-seq data are available from i) GM10855 and GM10861 lymphoblastoid cells [@pone.0096105-Ramagopalan1], ii) THP-1 monocyte-like cells [@pone.0096105-Heikkinen1], iii) LS180 colorectal cancer cells [@pone.0096105-Meyer1] and iv) LX2 hepatic stellate cells [@pone.0096105-Ding1] reported 1,600-6,200 VDR-specific binding sites. These datasets have not yet been systematically compared, although there are first indications [@pone.0096105-Carlberg5] that they show only a minor overlap, i.e. that the genome-wide binding of VDR is rather cell specific.

In studies of innate immunity and cancer, THP-1 cells are regularly used as a model system for 1,25(OH)~2~D~3~ signaling [@pone.0096105-Heikkinen1], [@pone.0096105-Gynther1]--[@pone.0096105-FANTOMConsortium1]. The challenge of THP-1 cells with LPS, a constituent of the outer membrane of gram-negative bacteria, leads to a substantial change in their transcriptome profile, such as massive induction of pro-inflammatory cytokines, and polarizes them towards macrophages [@pone.0096105-Sharif1]. The phenotype of macrophages depends largely on the type of their stimulation [@pone.0096105-Murray1]. Classically activated macrophages, such as after LPS stimulation, are defined as M1-type, while alternatively activated macrophages, such as those contributing to wound healing, are of M2-type. There are probably many intermediate states between these extremes, which all primarily differentiate via their cytokine expression profile.

In this study, we stimulated the M1-type polarized THP-1 cells with 1,25(OH)~2~D~3~ and determined the genome-wide VDR binding profile by ChIP-seq. In order to compare these new data with the five already published datasets, we re-analyzed the latter with the identical peak calling settings using Model-based Analysis for ChIP-seq (MACS), version 2, followed by a novel strategy to identify consensus summit locations across many samples. This meta-analysis of all available VDR ChIP-seq data concludes in a rather cell-specific profile of the receptor location. Moreover, the analysis demonstrated that the mechanistic basis for the action of the VDR is independent of the cell type. Furthermore, the number of identified VDR binding sites inversely correlates with the percentage of DR3-type sequences found below the ligand-stimulated peak summits.

Materials and Methods {#s2}
=====================

Cell culture {#s2a}
------------

The human acute monocytic leukemia cell line THP-1 [@pone.0096105-Tsuchiya1] was grown in RPMI 1640 medium supplemented with 10% fetal calf serum, 2 mM L-glutamine, 0.1 mg/ml streptomycin and 100 U/ml penicillin and the cells were kept at 37 °C in a humidified 95% air/5% CO~2~ incubator. For polarization towards M1-type macrophages THP-1 cells were grown in a density of 500,000 cells/ml in phenol red-free RPMI 1640 medium supplemented with 5% charcoal-stripped fetal calf serum and incubated for 24 h with 100 ng/ml LPS (Sigma-Aldrich). Prior to chromatin extraction, the cells were exposed for 80 min with 10 nM 1,25(OH)~2~D~3~ or were left unstimulated.

ChIP-seq and analysis {#s2b}
---------------------

VDR ChIP-seq on the LPS-differentiated THP-1 cells was performed essentially as described before [@pone.0096105-Heikkinen1]. The ChIP templates were sequenced at 36 bp read length using standard manufacturer protocols at the Gene Core at the EMBL (Heidelberg, Germany). Alignment of sequence reads against the human reference genome version hg19 was done using Bowtie software version 1.0.0 [@pone.0096105-Langmead1] with the following essential command line arguments: bowtie -n 1 -m 1 -k 1 -e 70---best. In addition, the seed length (argument -l) was set individually for each sample as follows: 36 for LPS treated THP-1, THP-1, GM10855 and GM10861, 42 for LX2, 50 for LS180 stimulated lanes SRR342263, SRR342264 and unstimulated lane SRR342261 and 35 for rest of the LS180 samples. Of note, two read sets for the LPS-differentiated THP-1 samples (one unstimulated and one IgG) had an N as the 16th nucleotide to correct for a minor post-sequencing processing error at the sequencing platform, similar to some undifferentiated THP-1 read sets reported previously [@pone.0096105-Heikkinen1]. The short read data publically available under accession number GSE53041 contains the corrected reads. The read counts of all datasets are summarized in [Table S4](#pone.0096105.s010){ref-type="supplementary-material"}. The aligned input/IgG and VDR reads were converted to sorted BAM format using samtools [@pone.0096105-Li1] and, after merging the read sets per sample, converted to normalized TDF format using igvtools to allow efficient visualization in the IGV genome browser [@pone.0096105-Robinson1]. For ChIP-seq analysis statistically significant peaks were identified using MACS version 2 [@pone.0096105-Zhang1] with the following essential command line arguments: macs2 callpeak --bw 150 --keep-dup 1 --g hs ---qvalue = 0.01 --m 5 50 ---bdg. Otherwise, default parameters were used.

Peak overlap analysis {#s2c}
---------------------

For the pairwise comparisons ([Fig. 1](#pone-0096105-g001){ref-type="fig"} and [Table S2](#pone.0096105.s008){ref-type="supplementary-material"}) peaks in the two samples were considered overlapping, if more than 50% of the narrower peak was overlapping the wider peak. The overlap percentages were defined as the proportion, in percent, of the peaks in the dataset with fewer peaks that overlapped with a peak in the dataset with more peaks. [Table S2](#pone.0096105.s008){ref-type="supplementary-material"} also reports the percentages from the direction of the dataset with more peaks as well as the respective peak counts.

![Overlap of VDR binding sites in stimulated and unstimulated cellular models.\
VDR ChIP-seq data from ligand-stimulated (**A**) and unstimulated (**B**) LPS-differentiated THP-1 cells (THP-1,LPS), as obtained in this study, were compared with respective data from undifferentiated THP-1 cells [@pone.0096105-Heikkinen1]. In the same way ligand-stimulated (**C**) and unstimulated (**D**) GM10855 and GM10861 cells [@pone.0096105-Ramagopalan1] were matched. In the \'common\' category of the peak counts both samples had a peak with a FDR \<1%. When the narrower peak overlapped the wider by \>50%, peaks were considered to be at the same location. **E** Summary of the % overlap of ligand-stimulated (blue) and unstimulated samples (light blue) of the four datasets used in A-D plus VDR ChIP-seq data from LX2 [@pone.0096105-Ding1] and LS180 cells [@pone.0096105-Meyer1]. The percentages are indicated in reference to the sample with fewer peaks. A more detailed version of this figure can be found in the Supplements ([Table S2](#pone.0096105.s008){ref-type="supplementary-material"}).](pone.0096105.g001){#pone-0096105-g001}

DR3-type motif analysis {#s2d}
-----------------------

*De novo* motif search was done using HOMER [@pone.0096105-Li1] on ±100 bp peak summit regions for each of the 12 samples. Since the identified *de novo* motifs that HOMER matched to the reference DR3-type motif were very similar between the samples, we subsequently used only the motif for the stimulated, undifferentiated THP-1 sample as the representative DR3-type motif. This was mapped in peak sequences ±100 bp from the summit using the following essential command line arguments: annotatePeaks.pl \<sample_name\> hg19 --noann --nogene --m \<motif_file\> --size −100, 100.

Finding consensus VDR ChIP-seq summit locations {#s2e}
-----------------------------------------------

The consensus VDR ChIP-seq summit locations presented in [Table S1](#pone.0096105.s007){ref-type="supplementary-material"} were identified from MACS2 output peak data using custom R tools. In detail, all summit locations from all samples were extracted and analyzed using the R density function with triangular smoothing and bandwidth of 20. All densities under 1.0e^−15^ were zeroed to eliminate the internal noise of the R density function. Local density maxima, identified with a span of 100 bp, were considered as the consensus summits (with an accuracy of ±10 bp due to the density bandwidth). The relevant parameters of the summit density analysis are illustrated in the bottom panels of [Fig. S5](#pone.0096105.s005){ref-type="supplementary-material"}, where case A best depicts the accuracy and sensitivity. The consensus summits were then elongated 100 bp to both directions. Overlapping consensus peaks were eliminated by truncating the overlaps at their mid-point, resulting in peaks less than 200 bp in length. An example of overlapping initial consensus peaks is given in [Fig. S5C](#pone.0096105.s005){ref-type="supplementary-material"}. The borders and summit locations for the consensus peaks are reported in [Table S1](#pone.0096105.s007){ref-type="supplementary-material"}. Finally, to get necessary peak metrics also for those samples per consensus summit, which did not have an original MACS2 peak within the area of any consensus peak, we extracted the FEs and q-values from the score tracks generated by the MACS2 bdgcmp tool with the original MACS2 peak caller bedgraph outputs as input. Pseudocount of 1 was used when generating the FE score tracks.

Functional characterization of VDR binding locations {#s2f}
----------------------------------------------------

The locations of all 23,409 VDR ChIP-seq peaks were analyzed by the Genomic Regions Enrichment of Annotations Tool (GREAT) [@pone.0096105-McLean1], version 2.0.2. GREAT assigns biological meaning to a set of non-coding genomic regions by analyzing the functional annotations of the nearby genes. We applied the 'basal plus extension' mode assuming +/−20 kb as proximal and +/−400 kb as distal regions. From the results we focused on the ontology sets relating to biological pathways.

The summit regions (±100 bp) of all VDR ChIP-seq peaks were screened for DR3-type sequences by using HOMER with a minimal score of up to 4. The distance of these 9,058 DR3-type motifs to the closest single nucleotide polymorphism (SNP) of the genome-wide association study (GWAS) catalog [@pone.0096105-Welter1] ([www.genome.gov/gwastudies](http://www.genome.gov/gwastudies)) is determined as the number of bases separating the central nucleotide of the DR3-type sequence and the location of the closest SNP. If the SNP is located upstream of the DR3-type sequence, the distance appears as negative.

Results {#s3}
=======

VDR binding profile in six cellular models {#s3a}
------------------------------------------

In order to obtain the genome-wide VDR binding profile of M1-type macrophages, we stimulated LPS-differentiated THP-1 cells with 1,25(OH)~2~D~3~ or left them untreated and then performed ChIP-seq with antibodies against VDR. The use of the peak calling software MACS, version 2, identified a total of 1,318 high-confidence VDR binding sites in this cell type ([Table S1](#pone.0096105.s007){ref-type="supplementary-material"}). In 1,25(OH)~2~D~3~-stimulated cells the number of VDR peaks was 953, while in unstimulated cells only 529 sites were found ([Fig. S1A](#pone.0096105.s001){ref-type="supplementary-material"}). The majority of the VDR binding sites in LPS-differentiated THP-1 cells, 789 (59.86%), were unique to stimulation with 1,25(OH)~2~D~3~, while 364 (27.62%) sites were identified specifically in unstimulated cells. This left only 165 (12.52%) VDR locations that were common in both stimulated and unstimulated cells.

Previously published VDR ChIP-seq datasets [@pone.0096105-Ramagopalan1]--[@pone.0096105-Ding1] had been analyzed with earlier versions of MACS or with other peak calling software. Moreover, the datasets from GM10855, GM10861, LS180 and LX2 cells [@pone.0096105-Ramagopalan1], [@pone.0096105-Meyer1], [@pone.0096105-Ding1] had originally been referenced to an earlier version of the human genome (hg18/NCBI36). Thus, in order to allow a direct comparison of the VDR location data, we re-analyzed all public VDR ChIP-seq datasets using MACS2 and referenced them to the latest version of the human genome (hg19). The dataset from lymphoblastoid cells [@pone.0096105-Ramagopalan1] represents two immortalized B cell lines, GM10855 and GM10861, which originate from two individuals of the International HapMap Project [@pone.0096105-HapMapConsortium1]. We merged the respective VDR ChIP-seq duplicates but, in contrast to the original publication [@pone.0096105-Ramagopalan1], kept the two cell lines separate to be able to investigate their potential differences (further details in the Methods).

An important finding obtained by our re-analysis is that the number of VDR binding sites differed substantially from the formerly reported counts. The dataset of undifferentiated THP-1 cells [@pone.0096105-Heikkinen1] reduced from the originally reported 2,340 to 1,080 VDR binding sites (471 (43.61%), 315 (29.17%) and 294 (27.22%) for unique stimulated, unique unstimulated and common, respectively; see also [Fig. S1B](#pone.0096105.s001){ref-type="supplementary-material"}). Originally, for the merged lymphoblastoid cell lines only 2,776 VDR peaks in 1,25(OH)~2~D~3~-stimulated and 623 in unstimulated cells had been reported, which is likely a result of the fairly stringent filtering strategy employed in that study [@pone.0096105-Ramagopalan1]. In our analysis of the individual cell lines, the total number of VDR binding sites increased to 7,494 for GM10855 cells (4,350 (58.05%), 1,397 (18.64%) and 1,747 (23.31%) for unique stimulated, unique unstimulated and common, respectively; see also [Fig. S1C](#pone.0096105.s001){ref-type="supplementary-material"}) and even to 13,326 for GM10861 cells (9,254 (69.44%), 917 (6.88%) and 3,155 (23.68%) for unique stimulated, unique unstimulated and common, respectively; see also [Fig. S1D](#pone.0096105.s001){ref-type="supplementary-material"}). Finally, the total number of VDR binding sites in LX2 cells reduced from 6,281 [@pone.0096105-Ding1] to 2,245 (771 (34.34%), 712 (31.71%) and 762 (33.94%) for unique stimulated, unique unstimulated and common, respectively; see also [Table S2](#pone.0096105.s008){ref-type="supplementary-material"}), while the VDR peak count in LS180 cells increased from 2,471 to 3,840 (3,675 (95.70%), 65 (1.69%) and 100 (2.60%) for unique stimulated, unique unstimulated and common, respectively; see also [Table S2](#pone.0096105.s008){ref-type="supplementary-material"}). When investigating the fraction of unstimulated peaks (for all cell lines, the smaller peak set) that overlapped the stimulated peaks, LPS-differentiated THP-1 cells interestingly showed, with only 31.19%, by far the lowest percentage of common VDR binding sites, while the percentage of unstimulated VDR peaks overlapping stimulated peaks in undifferentiated THP-1 cells was 48.28%, in LX2 cells 51.70%, in GM10855 cells 55.57%, in LS180 cells 60.61% and in GM10861 cells even 77.48% ([Table S2](#pone.0096105.s008){ref-type="supplementary-material"}).

In summary, genome-wide analysis of LPS-polarized THP-1 cells resulted in 1,318 high-confidence VDR binding sites, close to 60% of which are only observed after ligand stimulation. These represent 22% more genomic VDR locations than in undifferentiated THP-1 cells, but between 1.7- and 10-times less than in the other cellular models for which VDR ChIP-seq data are publically available.

Cell-specificity of genome-wide VDR locations {#s3b}
---------------------------------------------

The combined analysis of all six ChIP-seq datasets identified a set of 23,409 non-overlapping genomic VDR locations ([Table S1](#pone.0096105.s007){ref-type="supplementary-material"}). The vast majority of these, 17,700 (75.61%), are specific to one cell type, 4,945 (21.12%) are found in two, 469 (2.00%) in three, 179 (0.76%) in four, 73 (0.31%) in five and only 43 (0.18%) in all six cell types. Interestingly, when the maximally allowed distance between original peak summits was increased step-wise from 60 bp to 500 bp, the number of conserved VDR loci increased from 35 to 63, while in parallel the number of unique VDR binding sites reduced from 23,818 to 20,680 ([Fig. S2](#pone.0096105.s002){ref-type="supplementary-material"}). At the very short distances the likelihood of falsely separating summits that truly represent the same binding site is increased because the distance approaches the limit of accuracy of the ChIP-seq method itself. Conversely, longer distances will likely increase the number of falsely merged summits that are truly separate. We chose to use a fairly short 100 bp as the maximum allowed distance to mainly avoid falsely merged summits, but without excessive cost of falsely separated summits. Approximately 25% of all VDR locations therefore fit the hypothesis that conserved VDR binding is associated with more general functions of the receptor and its ligand 1,25(OH)~2~D~3~. The present dataset offers an opportunity to compare cell types with varying levels of relatedness. The two pairs, the LPS-differentiated and undifferentiated THP-1 cells as well as the two lymphoblastoid cell lines GM10855 and GM10861 are the best for a direct comparison of closely related cellular models ([Fig. 1](#pone-0096105-g001){ref-type="fig"}). Out of the 774 VDR binding sites observed in 1,25(OH)~2~D~3~-stimulated THP-1 cells, 462 (59.69%) were also found in stimulated LPS-differentiated THP-1 cells ([Figs. 1A and E](#pone-0096105-g001){ref-type="fig"}). A similar overlap (58.60% of the smaller dataset overlapping the larger) was also observed between these two cell types at the unstimulated state ([Figs. 1B and E](#pone-0096105-g001){ref-type="fig"}). For lymphoblastoid cells the corresponding percentages of overlapping VDR binding sites were 72.88% in stimulated samples ([Figs. 1C and E](#pone-0096105-g001){ref-type="fig"}) and 53.05% in unstimulated samples ([Figs. 1D and E](#pone-0096105-g001){ref-type="fig"}). Interestingly, the comparisons between the somewhat more distantly related cell types, i.e. those of lymphoblastic and monocytic origins, revealed intermediate overlaps, ranging from 26.13 to 35.40% in stimulated samples and 11.99 to 16.45% in unstimulated samples. In contrast, the overlaps in comparisons involving either LX2 or LS180 were lower, ranging from 10.93 to 23.37% for the stimulated samples and from 2.85 to 16.97% for the unstimulated samples ([Fig. 1E](#pone-0096105-g001){ref-type="fig"}). Collectively these pairwise comparisons across all the six cellular models (summary in [Fig. 1E](#pone-0096105-g001){ref-type="fig"}, for all data see [Table S2](#pone.0096105.s008){ref-type="supplementary-material"}) suggest that the VDR binding site overlap rate is higher when the cells are ligand-stimulated than when they are left unstimulated. The hierarchically clustered read accumulations ±1 kb around the total set of 23,409 VDR binding locations confirm both the similarity of closely related cell lines as well the difference of more distantly related cell lines ([Fig. S3](#pone.0096105.s003){ref-type="supplementary-material"}). A similar result was obtained when we used the webtool GREAT for analyzing the enrichment of genes in the vicinity of VDR loci for the PANTHER pathway ontology terms ([Fig. S4](#pone.0096105.s004){ref-type="supplementary-material"}).

Taken together, while the majority of genome-wide VDR binding sites are specific for one of the six analyzed cellular models, the rates of overlaps between the cell types follow roughly their developmental and functional relatedness. In general, the VDR binding profiles of ligand-stimulated cells show a higher level of overlap than those of unstimulated cells.

VDR binding scenarios in LPS-polarized THP-1 cells {#s3c}
--------------------------------------------------

From the 1,318 VDR binding sites in LPS-differentiated THP-1 cells ([Table S1](#pone.0096105.s007){ref-type="supplementary-material"}) 660 (50.08%) were observed specifically in this cell type (category 1). An example of this is the VDR binding site 160 kb downstream of the TSS of the gene prostaglandin E receptor 3 (*PTGER3*, [Fig. S5A](#pone.0096105.s005){ref-type="supplementary-material"}). At further 304 (23.07%) locations VDR binding was observed in one additional cell type (category 2). In accordance to the results described above ([Fig. 1A](#pone-0096105-g001){ref-type="fig"}) in the vast majority (77.96%) of cases the undifferentiated THP-1 cells were this second cell type. This is exemplified by a VDR binding site 54 kb downstream of the TSS of the gene ArfGAP with SH3 domain, ankyrin repeat and PH domain 2 (*ASAP2*, [Fig. 2A](#pone-0096105-g002){ref-type="fig"}), which we recently characterized as a primary VDR target [@pone.0096105-Seuter1]. At additional 134 (10.17%) genomic sites VDR was found in LPS-differentiated THP-1 cells and two further cell types (category 3). This is illustrated by VDR binding 18 kb downstream to the TSS of the ninjurin 1 (*NINJ1*) gene ([Fig. 2B](#pone-0096105-g002){ref-type="fig"}), which is known as a primary 1,25(OH)~2~D~3~ target in THP-1 cells [@pone.0096105-Heikkinen1]. A co-localization of VDR in LPS-differentiated THP-1 cells with three other cell types (category 4) was found for 117 (8.88%) genomic sites. This scenario is represented by a VDR binding site 0.5 kb upstream of the TSS of the well-established VDR target gene *CAMP* [@pone.0096105-Gombart1] ([Fig. 2C](#pone-0096105-g002){ref-type="fig"}). The constellation of VDR binding in LPS-differentiated THP-1 cells and four other cell types (category 5) was observed for only 60 loci (4.55%) and is monitored at the example of a site 12 kb downstream of the TSS of the gene DENN/MADD domain containing 6B (*DENND6B*, [Fig. 2D](#pone-0096105-g002){ref-type="fig"}). This gene, previously known as *FAM116*, is one of the most prominent primary 1,25(OH)~2~D~3~ targets in THP-1 cells [@pone.0096105-Heikkinen1]. Finally, genome-wide there are only 43 (3.26%) sites that are also targets of VDR in all of the other five cell types (category 6). Representative examples are sites i) 78 kb upstream of the trafficking protein, kinesin binding 1 (*TRAK1*) gene TSS ([Fig. S5B](#pone.0096105.s005){ref-type="supplementary-material"}), ii) at the TSS of the TATA box binding protein (*TBP*) gene ([Fig. 2E](#pone-0096105-g002){ref-type="fig"}) and iii) 0.5 kb downstream of the TSS of the SP100 nuclear antigen (*SP100*) gene ([Fig. 2F](#pone-0096105-g002){ref-type="fig"}). All three genes are known as primary targets of 1,25(OH)~2~D~3~ ([@pone.0096105-Heikkinen1] and unpublished results).

![Different levels of cell type specificity of VDR peak locations.\
The IGV browser was used to display normalized VDR ChIP-seq signals in unstimulated (-) and ligand-stimulated (+) LPS-differentiated THP-1 cells (THP-1,LPS, red) for the loci of the genes *ASAP2* (**A**), *NINJ1* (**B**), *CAMP* (**C**), *DENND6B* (**D**), *TBP* (**E**) and *SP100* (**F**) in comparison to re-analyzed public data from undifferentiated THP-1 cells ([@pone.0096105-Heikkinen1], orange), the lymphoblastoid cell lines GM10855 ([@pone.0096105-Ramagopalan1], dark blue) and GM10861 ([@pone.0096105-Ramagopalan1], light blue), LX2 cells ([@pone.0096105-Ding1], purple) and LS180 cells ([@pone.0096105-Meyer1], grey). Gene structures are indicated in blue.](pone.0096105.g002){#pone-0096105-g002}

In summary, all these examples illustrate a multitude of scenarios where one to six cell types highlight the locations of VDR in relation to the TSS of its target genes. Importantly, only a very low number (43) of VDR loci are conserved between all six cell types.

DR3-type sequences at genomic VDR locations {#s3d}
-------------------------------------------

In order to obtain mechanistic information from the total of 23,409 VDR binding sites identified across all samples ([Table S1](#pone.0096105.s007){ref-type="supplementary-material"}), we first performed *de novo* binding site searches of the sequences below the VDR peak summits (±100 bp, [Fig. 3A](#pone-0096105-g003){ref-type="fig"}) using the HOMER tool set [@pone.0096105-Heinz1]. Nine of the 12 investigated VDR peak sets (six cellular models, ligand-stimulated and unstimulated) provided the same result, which is the classical DR3-type consensus sequence **RGGTCA**NNG**RGTTCA** for VDR-RXR heterodimers [@pone.0096105-Umesono1], [@pone.0096105-Carlberg4]. In addition, the rather small set of 165 VDR peaks in unstimulated LS180 cells suggested a longer motif, but also this resembled a DR3-type sequence. In contrast, for the rather large sets of 3,144 and 4,072 VDR peaks of unstimulated GM10855 and GM10861 cells, respectively, our *de novo* search did not indicate any DR3-type sequence ([Fig. 3A](#pone-0096105-g003){ref-type="fig"}).

![DR3-type sequences in VDR ChIP-seq peaks.\
**A** *De novo* analysis was performed on sequences below VDR peaks (±100 bp) of stimulated (stim) and unstimulated (unstim) datasets from LPS-differentiated THP-1 cells (THP-1,LPS), undifferentiated THP-1 cells, the lymphoblastoid cell lines GM10855 and GM10861, LX2 cells and LS180 cells. The sequence logos of DR3-type sequences are indicated, with the match score for the motif against the HOMER-native reference for the DR3-type sequence (range: 0--1). **B** HOMER was used, with variable thresholds, to screen for the representative DR3-type sequence, i.e. that from stimulated, undifferentiated THP-1 cells, in the same 12 datasets of sequences below VDR peaks. The percentage of identified DR3-type sequences are displayed as a function of the used HOMER scores. The grey box highlights the HOMER score for the representative DR3-type sequence (9.184643) that was used for the plot in [Fig. 4](#pone-0096105-g004){ref-type="fig"} and [Table S1](#pone.0096105.s007){ref-type="supplementary-material"}. **C** The density of the representative DR3-type sequence is displayed ±500 bp around the peak summits. For clarity, the stimulated (left panel) and unstimulated (right panel) samples are displayed separately. The gray boxes delineate the ±100 bp region around the peak summits.](pone.0096105.g003){#pone-0096105-g003}

In addition to *de novo* binding site searches, we screened for DR3-type sequences below VDR ChIP-seq peak summits, defining the search area as ±100 bp around the peak summit ([Figs. 3B and C](#pone-0096105-g003){ref-type="fig"}). The HOMER score indicates the cumulative log-odds probability for a given sequence to match the searched motif, i.e. the lower the score, the poorer the match. To become identified as a valid match by HOMER, the score for a given sequence must exceed the motif-specific score threshold that maximized, upon the original *de novo* identification, its enrichment in the peak sequences over background sequences. Unlike HOMER, however, some motif screening algorithms do not indicate clear general or motif-specific thresholds for the detection of the significant matches. We therefore tested the effect of manually selected thresholds on the identification of DR3-type sequences by using as representative *de novo* DR3-like motif the one identified in ligand-stimulated THP-1 cells that has the HOMER-native, optimized score threshold of 9.184643. As expected, the percentage of peaks with a DR3-type sequence increased upon lowering the threshold, but even with the lowest tested HOMER score of 4, remained below 85% for any cell line ([Fig. 3B](#pone-0096105-g003){ref-type="fig"}). However, only 9,058 (38.7%) of the full set of 23,409 consensus VDR peaks carry a DR3-type motif at that low stringency of a HOMER score of 4 ([Table S3](#pone.0096105.s009){ref-type="supplementary-material"}). We screened these 9,058 DR3-type sequences for the closest SNP contained in the GWAS catalog [@pone.0096105-Welter1] and found two that overlap with a DR3 motif ([Table S3](#pone.0096105.s009){ref-type="supplementary-material"}). These were i) rs6590322 that has been associated with Alzheimer\'s disease [@pone.0096105-Potkin1] and is located in the spacer of a DR3 motif of a VDR loci some 250 kb downstream of the TSS of gene for the transcription factor ETS1, and ii) rs10174949 that is related to allergies [@pone.0096105-Hinds1] and is found in the third position of the second half-site of the VDR binding site located 26 kb downstream of the TSS of the long non-coding RNA 299 gene.

At the HOMER-native threshold for the representative DR3-type motif, the 12 datasets showed a very similar ranking in the percentage of DR3-type sequence as observed already by the *de novo* searches. In ligand-stimulated, undifferentiated THP-1 cells 44.96% of the sequences below VDR peak summits contained a high-confidence DR3-type sequence, while only 20.69% of the peaks in unstimulated cells had such a site. The respective percentages for LPS-differentiated THP-1 cells are 42.39 and 25.14%, for LX2 cells 35.38 and 21.44%, for LS180 cells 27.96 and 24.85%, for GM10855 cells 14.13 and 1.15% and for GM10861 cells 8.66 and 1.28% ([Fig. 3B](#pone-0096105-g003){ref-type="fig"}). Of note, the very low percentage of DR3-type motifs in the unstimulated lymphoblastoid cells is the likely reason why the *de novo* search failed to identify any such motif in these relatively large peak sets (see [Fig. 3A](#pone-0096105-g003){ref-type="fig"}).

In order to verify that the DR3-type sequences were concentrated in the immediate peak summit region, we also screened for the DR3-type sequences within a wider, 1 kb region centered at the VDR ChIP-seq peak summits. We found that indeed the DR3-type sequences were highly enriched to approximately ±100 bp region surrounding the peak summits in all samples except the two unstimulated lymphoblastoid peak sets that have very few DR3-type sequences to begin with ([Fig. 3C](#pone-0096105-g003){ref-type="fig"}). Therefore, all VDR ChIP-seq peaks that only have DR3-type sequences outside the central ±100 bp region may result from some other binding mode than direct DNA-binding to a consensus sequence as a VDR-RXR heterodimer.

The lack of DR3-type sequences in a considerable proportion of the VDR peak summit regions in all analyzed samples led us to search for alternative sequences that can be identified below VDR peaks using HOMER. Performing the analysis separately on peak sets that did or did not contain a DR3 motif within ±100 bp of summit was designed to suggest transcription factors that may i) co-occur with VDR when it is bound to the DR3 motif, i.e. as a VDR-RXR heterodimer, and, importantly, ii) partner with VDR in the other binding modes. As expected, the DR3-type sequence ranked the first in all 12 datasets that *a priori* contained it ([Fig. S6A](#pone.0096105.s006){ref-type="supplementary-material"}). All peak sets of the monocytic origin as well as the stimulated lymphoblastoid peak sets shared binding sites for the transcription factors PU.1 (also called SPI1), ESRRB (also called NR3B2) and GABPA as the next most significantly enriched motifs. For LX2, the highest ranked non-DR3-sequence was the motif for the transcription factor JUN (being part of the AP1 complex), followed by ESRRB for stimulated peaks and GABPA for both stimulated and unstimulated peaks. In stimulated LS180 cells, the top non-DR3-sequences were the motifs for the transcription factors SMAD, REVERB (also called NR1D1) and JUN. The unstimulated peak sets for the two lymphoblastoid cell lines as well as LS180 were considered too small to provide reliable results.

For the peak sets, which are *a priori* without a DR3-type motif ([Fig. S6B](#pone.0096105.s006){ref-type="supplementary-material"}), the stimulated monocytic cell lines shared motifs for the transcription factors CEBP and PU.1, while the unstimulated monocytic cell lines shared most highly ranked motifs for the transcription factors NFYA, LHX3-like and NANOG. A considerable exception was the top-most ranking of NFYA in the stimulated, undifferentiated THP-1 cells, whereas NFYA was not within the top 4 of most significantly enriched motifs in the stimulated, LPS-differentiated THP-1 cells. In lymphoblastoid cells the motif for the transcription factor GABPA was the top ranked motif in all four samples, followed by those for the transcription factor BORIS (also called CTCF-like), with the exception of stimulated GM10855 cells, where BORIS was replaced by IRF4. In stimulated lymphoblastoid cells also PU.1-like motifs ranked high, whereas in unstimulated lymphoblastoid cells motifs for the transcription factor complex GFI1-STAF did the same. In contrast, both samples of LX2 cells had motifs for the transcription factors JUN, TEAD4 and RUNX as the top ranked. The stimulated LS180 cells also had JUN as the top ranking motif, but unlike for LX2 cells it had HNF4A (also called NR2A1) and GFI1-STAF motifs as the next best ranked. In the small peak set for the unstimulated LS180 cells, motifs for the transcription factors STAT5, CHR and ZFX ranked the highest.

Taken together, our *de novo* searches and DR3-type binding site screenings demonstrated as common findings for all six datasets that i) ligand-stimulated samples show a higher rate of DR3-type sequences than unstimulated samples of the same cellular model, ii) the more VDR peaks a stimulated dataset contains, the lower is the percentage of its DR3-type sequences, iii) by far not all VDR binding sites even at the stimulated state contain a DR3-type sequence and iv) the occurrence of non-DR3-type motifs differ considerably between the cell lines, especially in peaks that lack DR3-type motifs.

VDR ChIP-seq peak quality relates to DR3-type binding site percentage {#s3e}
---------------------------------------------------------------------

Next we asked whether the fold enrichment (FE) values of the VDR ChIP-seq peaks, are related to the percentage of DR3-type sequences found below the peaks. Therefore, we ranked the datasets of ligand-stimulated cells ([Table S1](#pone.0096105.s007){ref-type="supplementary-material"}) by their FE value and determined the percentage of peak locations with a DR3-type sequence (HOMER score \>9.184643) in each set of 100 consecutively ranked peaks ([Fig. 4](#pone-0096105-g004){ref-type="fig"}). Each of the six VDR ChIP-seq datasets provided a similar sigmoidal curve as a result: peaks with low FE showed a low DR3 percentage, but the more the FE value increased, the more frequently the DR3-type sequences were found below the VDR peaks, up to a saturation level well below 100%. Upon detailed inspection, however, the individual DR3 percentage curves showed some minor cell-specific differences: i) the curves for LPS-differentiated and undifferentiated THP-1 cells start with a DR3 percentage of above 10%, rise quickly and reach saturation at 80%, ii) the curve for LX2 cells begins at above 20%, shows a less steep incline compared to THP-1 cells and meets saturation already at 70%, iii) the curve for LS180 cells opens below 5%, increases even less steeply, but finally results in a saturation at more than 90% and iv) the curves for GM10855 and GM10861 cells start at very low DR3 rates (6 and 0%), rise the least steeply and reach saturation already at a DR3-type sequence percentage of 70%.

![Correlation between DR3 percentage and VDR peak size.\
The VDR peaks of the ChIP-seq datasets of ligand-stimulated LPS-differentiated THP-1 cells (THP-1,LPS, red), undifferentiated THP-1 cells (orange), the lymphoblastoid cell lines GM10855 (dark blue) and GM10861 (light blue), LX2 cells (purple) and LS180 cells (grey) were individually ranked by their FE-value. For each set of 100 consecutively ranked peaks the average DR3 percentage (HOMER score \>9.184643) was calculated and plotted as a function of the FE-value.](pone.0096105.g004){#pone-0096105-g004}

In summary, we made the observation that the six VDR ChIP-seq datasets display essentially the same relation between the VDR peak size and the percentage of DR3-type sequences below the peak summits.

Discussion {#s4}
==========

The genome-wide location of VDR is an essential information for understanding the pleiotropic physiological action of 1,25(OH)~2~D~3~. In this study, we generated VDR ChIP-seq data for LPS-differentiated THP-1 cells. These cells resemble M1-type macrophages and represent another tissue that is important for the interpretation of the immune-modulatory function of 1,25(OH)~2~D~3~. This new VDR ChIP-seq dataset was compared with all the publically available VDR ChIP-seq datasets that we re-analyzed using identical settings and taking the benefit of the recent advances in the relevant bioinformatic tools. Thus, this study also represents the first meta-analysis of VDR ChIP-seq data from six different cell types and sets the basis for a compendium of all VDR binding sites genome-wide.

The six ChIP-seq datasets differ largely in their total number of genome-wide VDR binding sites. While the two THP-1 datasets (LPS-differentiated and undifferentiated) provide only 1,100-1,300 genome-wide VDR locations, the two lymphoblastoid cell lines suggest an up to 10-times higher number. This difference could arise from the number of sequence tags obtained in the ChIP-seq procedure, differences in signal-to-noise ratios or variations in the reference sample (IgG or input) or simply from a much higher VDR expression in B lymphocytes than in monocytes/macrophages. However, the more likely explanation is that in B cells more VDR binding sites are accessible, i.e. the level of epigenomics. Nevertheless, it can be questioned, whether the regulation of a few hundred primary VDR target genes per tissue requires a far higher number of high quality genomic VDR binding sites. Although the two lymphoblastoid cell lines provided the highest number of VDR binding sites, they scored by far the lowest for the percentage of DR3-type sequences below the VDR peak summits. Therefore, the total number of VDR binding sites, which ChIP-seq identifies in a given cell type, is not a reliable indication on the quality of the respective dataset.

As expected, the VDR binding profile of LPS-differentiated THP-1 cells resembles the most that of undifferentiated THP-1 cells. Nevertheless, 50% of the 1,318 VDR binding sites in LPS-differentiated THP-1 cells are unique to this cellular model. However, this is still a low percentage, since for the total of 23,409 non-overlapping VDR binding sites a full 75% are observed only in one cell type. These unique VDR binding sites may be the mediators of cell-type specific actions of the receptor and its ligand. In fact, on the level of VDR target gene expression, as measured by microarrays [@pone.0096105-Palmer1]--[@pone.0096105-White1], it is already known that in most tissues a rather different set of genes respond to stimulation with 1,25(OH)~2~D~3~. On the other hand, VDR locations that overlap between two or more tissues represent independent confirmations of the validity of a VDR binding site. Moreover, genomic regions that are recognized in multiple cell types by VDR may have a more generalized, and therefore likely higher impact on the physiological actions of the receptor and its ligand than the cell type specific sites. For example, the response of the *CAMP* gene to 1,25(OH)~2~D~3~ in many hematopoietic cell types is probably of larger impact on the function of the immune system than the specific response of the *PTGER3* gene in LPS-differentiated THP-1 cells. Approximately half of the few tens of VDR binding sites that are conserved in all investigated cell types are located close to TSS regions, i.e. in genomic loci that are more likely within open chromatin than other areas of the genome. Therefore, these sites may indicate preferential entry points for the VDR to the genome from which, probably via 3-dimensional network interactions, other more distal 1,25(OH)~2~D~3~-responsive regions are controlled.

VDR peaks that contain a consensus DR3-type sequences below their summits are assumed to function via classical VDR-RXR heterodimers, which has been characterized in numerous *in vitro* examples [@pone.0096105-Toell1]--[@pone.0096105-Schrder1]. In this study, we demonstrated that in all six ChIP-seq datasets of ligand-stimulated cell types the size of the VDR peaks is associated with a high percentage of DR3-type consensus sequences below their summits. Moreover, *de novo* binding site searches in these six datasets resulted in the same DR3-type consensus sequence. Of note, at our default settings of a HOMER score of 9.18, only 2,686 (11.47%) out of the total of 23,409 VDR binding sites carry a DR3-type sequence, although this is mostly due to the lymphoblastoid cell lines that had the highest number of peaks but the lowest percentage of DR3-type sequences. The DR3 rate of 47.32% for ligand-stimulated LPS-differentiated THP-1 cells is, on the other hand, one of the highest within the present set of cell lines, and comparable to that of undifferentiated THP-1 cells.

A less stringent definition of the DR3-type consensus sequence, i.e. considering sequences with a lower HOMER score, or inclusion of hits immediately proximal to the peak summit, or both, can considerably increase the DR3 rate of a dataset. The ranking of the cell types for their DR3 frequency was largely independent of the chosen threshold for the specificity of the DR3-type sequence. However, this should not be taken as generally applicable, because it is largely the product of our systematic and uniform analysis. Moreover, even assuming a lower binding specificity of VDR-RXR heterodimers, on average less than 50% of VDR peaks contain a DR3-type binding site. This suggests that in every 1,25(OH)~2~D~3~-responsive cell type VDR is found not only in classical VDR-RXR heterodimers binding DR3-type sequences but also in alternative protein-DNA complexes. The latter contain a larger variety of transcription factors, such as GABPA, JUN, NFY, PU.1 and STAT5. The selection for these alternative VDR partners may largely depend on the cell-specific expression levels of these proteins.

In all ligand-stimulated samples the rate of DR3-type sequences is higher than in the respective unstimulated samples, i.e. the latter contain a higher rate of non-DR3-type VDR binding sites. Although also unliganded VDR is functional, for example actively repressing some target genes via the interaction with co-repressor proteins [@pone.0096105-Polly1], [@pone.0096105-SanchezMartinez1], a number of the VDR binding sites in unstimulated cells may serve as lower affinity nuclear storage sites from where the receptor, upon ligand stimulation, moves to the binding sites of activated genes as we already hypothesized earlier [@pone.0096105-Heikkinen1].

In conclusion, a new VDR ChIP-seq dataset from M1-type macrophage-like cells was the initiation for performing the first meta-analysis of all publicly available VDR ChIP-seq datasets. In contrast to general expectations, only some 11.5% of all 23,409 VDR binding sites contain a DR3-type sequence. Moreover, the number of identified VDR binding sites inversely correlates with the percentage of DR3-type sequences found below the peak summits. This context allowed a better understanding of the VDR binding pattern in LPS-differentiated THP-1 cells, which with 1,318 VDR peaks is rather small, but shows for ligand-stimulated samples a DR3 rate of close to 50%.

Availability of Supporting Data {#s5}
===============================

The datasets supporting the results of this article are available at GEO ([www.ncbi.nlm.nih.gov/geo](http://www.ncbi.nlm.nih.gov/geo)) under the accession number GSE53041.
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###### 

VDR binding site overlap between stimulated and unstimulated samples of four hematopoietic models. VDR ChIP-seq peak counts from LPS-differentiated THP-1 cells (THP-1,LPS, this study, **A**), from undifferentiated THP-1 cells ([@pone.0096105-Heikkinen1], **B**) and from the lymphoblastoid cell lines GM10855 (**C**) and GM10861 ([@pone.0096105-Ramagopalan1], **D**) are presented for locations of ligand-stimulated (blue) and unstimulated categories (red). In the \'common\' category of the peak counts both samples had a peak with a FDR \<1%. When the narrower peak overlapped the wider by \>50%, peaks were considered to be at the same location.

(PDF)

###### 

Click here for additional data file.

###### 

The effect of maximal allowed peak summit distance on the number of conserved and total VDR ChIP-seq peaks. The VDR ChIP-seq peak overlap analysis was repeated by varying the maximal allowed peak summit distance over the indicated distances. The number of genomic loci conserved in all six datasets was plotted over the distance (red). The inset shows the total number of unique VDR peaks over the same distances (blue).

(PDF)

###### 

Click here for additional data file.

###### 

Hierarchical clustering of VDR ChIP-seq signals. The densities of aligned VDR ChIP-seq reads ±1 kb around each of the 23,409 consensus peak summits for all 12 datasets were hierarchically clustered and plotted using the ngsplot.r tool (<http://code.google.com/p/ngsplot>). Each dataset is individually scaled to normalize for differences in the total read counts. The intensity of the red color indicates the relative amount of reads aligned to the region.

(PDF)

###### 

Click here for additional data file.

###### 

Hierarchical clustering of GREAT analysis of VDR ChIP-seq peak loci. The web-tool GREAT was used to analyze the genes in the vicinity of the six VDR ChIP-seq datasets of ligand-stimulated cells for specific enrichment in ontology terms in the PANTHER pathway classification system ([www.pantherdb.org/pathway](http://www.pantherdb.org/pathway)). Pathways with adjusted p-value \<0.05 in any of the six cell lines were hierarchically clustered and plotted as a heat map using the --log10-transformed adjusted p-values.

(PDF)

###### 

Click here for additional data file.

###### 

Consensus peak definitions. The IGV browser was used to display exemplary scenarios of VDR ChIP-seq peak summits in unstimulated (-) and ligand-stimulated (+) LPS-differentiated THP-1 cells (THP-1,LPS, red) in comparison to re-analyzed public data from undifferentiated THP-1 cells ([@pone.0096105-Heikkinen1], orange), the lymphoblastoid cell lines GM10855 ([@pone.0096105-Ramagopalan1], dark blue) and GM10861 ([@pone.0096105-Ramagopalan1], light blue), LX2 cells ([@pone.0096105-Ding1], purple) and LS180 cells ([@pone.0096105-Meyer1], grey). Gene structures are indicated in blue. The bottom panels depict how the consensus summit assignment strategy resolves the exemplary scenarios for case of **A**) a single peak summit in a single cell line (closest gene: *PTGER3*), **B**) single peak summits in many cell lines (closest gene: *TRAK1*) and **C**) several nearby peak summits that are variably present in several cell lines (closest gene: *ARID1A*). For the bottom panels, the black line shows the triangular density of all summits in the region, the horizontal dashed green line indicates the density cutoff (10−15) used to remove the effective zero densities, the vertical red line indicates the positions of original MACS2 peak summits, the vertical blue line marks the position of the identified consensus summit, and the vertical dashed orange lines indicate the positions of consensus peak borders before eliminating the overlaps.

(PDF)

###### 

Click here for additional data file.

###### 

The occurrence of known transcription factor binding motifs below VDR ChIP-seq peaks. Known binding motifs were screened in the ±100 bp VDR ChIP-seq peak sets with (**A**) or without (**B**) the representative *de novo* DR3-type motif, ranked according to the significance of motif enrichment, subset to include only those that were within the top 4 in any sample, and displayed as hierarchically clustered heatmap of the ranks. Prior to screening, the known motif set supplied with the HOMER version 4.3 was reduced to remove similar motifs using a similarity cutoff 0.8 and replacing the HOMER-native DR3-type motif by the representative DR3-type motif from this study, i.e. that from stimulated, undifferentiated THP-1 cells. The numbers of screened peaks are given below the heatmaps for each sample. The + and - sign after the sample names on top indicate, respectively, whether the sample was ligand stimulated or not.

(PDF)

###### 

Click here for additional data file.

###### 

VDR ChIP-seq peak locations. The border and summit locations of the 23,409 VDR ChIP-seq peaks obtained from ligand-stimulated (stim) and unstimulated (unstim) LPS-differentiated THP-1 cells (THP-1,LPS), undifferentiated THP-1 cells [@pone.0096105-Heikkinen1], the lymphoblastoid cell lines GM10855 and GM10861 [@pone.0096105-Ramagopalan1], LX2 cells [@pone.0096105-Ding1] and LS180 cells [@pone.0096105-Meyer1] are indicated. Genomic locations that are displayed in [Figs. 2](#pone-0096105-g002){ref-type="fig"} and [S4](#pone.0096105.s004){ref-type="supplementary-material"} are highlighted in red. Moreover, FE and fold change (FC) values are provided for each VDR location and cellular model. The DR3-type sequences below the summits of the peaks were determined by HOMER (score \>9.184643) and the location of the binding site relative to the peak summit is indicated.

(XLSX)
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Click here for additional data file.

###### 

Overlap of VDR binding sites in stimulated and unstimulated cellular models. VDR ChIP-seq data from LPS-differentiated THP-1 cells (THP-1,LPS) were compared with respective data from undifferentiated THP-1 cells [@pone.0096105-Heikkinen1], the lymphoblastoid cell lines GM10855 and GM10861 cells [@pone.0096105-Ramagopalan1], LX2 cells [@pone.0096105-Ding1] and LS180 cells [@pone.0096105-Meyer1]. Peak counts are given for both categories and the % overlap was calculated from larger to smaller samples (red) and from smaller to larger samples (green). Only the latter are summarized in [Fig. 1E](#pone-0096105-g001){ref-type="fig"}.

(XLSX)

###### 

Click here for additional data file.

###### 

Overlap of DR3-type VDR binding sites with GWAS SNPs. The genomic regions (±100 bp) below all 23,409 VDR ChIP-seq peaks were analyzed by using HOMER with a minimal score of 4 (i.e. lowest stringency) for the presence of a DR3-type sequence. The position and sequence of these 9,058 DR3-type motifs is indicated as well as their distance to the closest SNP of the GWAS catalog [@pone.0096105-Welter1]. Overlap of DR3-type VDR binding sites with GWAS SNPs. The genomic regions (±100 bp) below all 23,409 VDR ChIP-seq peaks were analyzed by using HOMER with a minimal score of 4 (i.e. lowest stringency) for the presence of a DR3-type sequence. The position and sequence of these 9,058 DR3-type motifs is indicated as well as their distance to the closest SNP of the GWAS catalog [@pone.0096105-Welter1].

(XLSX)
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Click here for additional data file.

###### 

Read and peak counts for VDR ChIP-seq datasets.

(XLSX)

###### 

Click here for additional data file.
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